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Abstract

Potential consequences of climate change on crop production can be studied using mechanistic crop simulation mod-

els. While a broad variety of maize simulation models exist, it is not known whether different models diverge on

grain yield responses to changes in climatic factors, or whether they agree in their general trends related to phenol-

ogy, growth, and yield. With the goal of analyzing the sensitivity of simulated yields to changes in temperature and

atmospheric carbon dioxide concentrations [CO2], we present the largest maize crop model intercomparison to date,

including 23 different models. These models were evaluated for four locations representing a wide range of maize

production conditions in the world: Lusignan (France), Ames (USA), Rio Verde (Brazil) and Morogoro (Tanzania).

While individual models differed considerably in absolute yield simulation at the four sites, an ensemble of a

minimum number of models was able to simulate absolute yields accurately at the four sites even with low data for
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calibration, thus suggesting that using an ensemble of models has merit. Temperature increase had strong negative

influence on modeled yield response of roughly �0.5 Mg ha�1 per °C. Doubling [CO2] from 360 to 720 lmol mol�1

increased grain yield by 7.5% on average across models and the sites. That would therefore make temperature the

main factor altering maize yields at the end of this century. Furthermore, there was a large uncertainty in the yield

response to [CO2] among models. Model responses to temperature and [CO2] did not differ whether models were

simulated with low calibration information or, simulated with high level of calibration information.

Keywords: [CO2], AgMIP, climate, maize, model intercomparison, simulation, temperature, uncertainty
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Introduction

Maize is vital for the food security of many vulnerable

populations (Bruinsma, 2009). It is also an important

crop for its impact in the economy as a commodity. As

any other crop, maize production is sensitive to climate,

and climate is changing in ranges that are expected to

alter maize crop efficiency (Adams et al., 1998; FAO,

2012). It is therefore important that we understand how

maize growth will be affected by changing climate fac-

tors. Given that future climate may be different in many

maize cropping regions from what has ever been

observed, especially as far as temperature and [CO2]

are concerned, process-based models are therefore

essential tools to address that question.

Process-based crop models are widely used in cli-

mate change studies because they account for the

response of physiological processes of crop growth and

development to environmental and management vari-

ables, integrating complex and nonlinear effects of cli-

mate on crops (Tubiello & Ewert, 2002). They are also

used to assess impacts and examine adaptation strate-

gies of cropping systems to climate change (Adams

et al., 1990; St€ockle et al., 1992; Rosenzweig & Wilbanks,

2010; Ewert et al., 2011; White et al., 2011), including

plant breeding for climate change adaptation (Tao &

Zhang, 2010; Boote et al., 2011; Singh et al., 2012). While

there is broad agreement on the effects of elevated

[CO2] and temperature on crop growth and develop-

ment, different researchers have packaged this knowl-

edge in multiple simulation models that differ in their

required input information, parameterization protocols,

and methods to simulate the response of crop processes

to the interaction of environmental and management

factors. The various approaches and parameterization

that the models incorporate may lead to different

simulated responses to climate change factors, which

add uncertainty to the assessment of future world food

supply and the identification of adaptation strategies

(White et al., 2011; Angulo et al., 2013).

As objectives and purposes of models differ, model

structure as well as model parameterization may result

in different projected impacts of climate change,

because physiological processes are variously formal-

ized across models. A number of models might be

equally good at representing the past but may respond

quite differently in future conditions not experienced in

current climate. For example, crop growth processes

such as photosynthesis and respiration may show a

non linear response when temperature increases and

that may not be adequately represented in all models

(Porter & Semenov, 2005). Given the impossibility of

validating the response to future projections, a good

assessment of the various uncertainties linked to the

use of crop models in varying climatic conditions is

required for deriving sound conclusions from model

outputs (Tao et al., 2009a,b; R€otter et al., 2011). Conse-

quently, assessing crop yield responses to future condi-

tions based on an ensemble of possible outcomes from

multiple simulation models may be more reliable than

using one single model outcome that may not suffi-

ciently capture all relevant processes (Tao et al., 2009a,

b). Studies to estimate the variability among crop mod-

els for response to climatic factors have already been

explored for wheat and barley (Diekkr€uger et al., 1995;

Goudriaan, 1996; Palosuo et al., 2011; R€otter et al., 2012;

Asseng et al., 2013), but similar studies are scarce for

maize in spite of the great economic importance of that

crop. Recently, a model intercomparison conducted for

seven maize models in two contrasting years and two

locations in Austria showed that models responded dif-

ferently to heat and drought stress (Eitzinger et al.,

2013). Given the importance of maize worldwide, fur-

ther investigation involving a wider range of environ-

mental conditions over additional crop models is

needed (Rosenzweig & Wilbanks, 2010). Though maize

is a C4 crop with a [CO2] concentrating mechanism
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supportive of Rubisco function in the leaf bundle

sheath (Kanai & Edwards, 1973), understanding the

processes responsive to [CO2] enrichment is important

due to implications on photosynthesis, radiation use

efficiency, water use, nutrient capture and use effi-

ciency. The analysis of different CO2-fixation algo-

rithms within one model platform showed distinct

differences in wheat yields with significant impacts of

site conditions on the contribution of reduced transpi-

ration (Kersebaum & Nendel, 2014). However, studies

testing whether the [CO2] relationships implemented in

the models give consistent and accurate responses to

[CO2] across models are lacking (Boote et al., 2010).

Temperature affects many more processes in crop sim-

ulation models than does [CO2] (Boote et al., 2010),

because temperature affects phenological development

as well as growth and biomass partitioning. Thus, there

may be higher variability among models for tempera-

ture response as compared to the variability induced by

[CO2].

A thorough assessment of the variation in the

response of different models to climate change factors

is critical to assess future maize production. Before pro-

jecting what the future yield may be under changed cli-

mate using a large number of models, it is critical to

determine how much individual model simulations of

responses to climate factors may vary. The objectives of

the present work are to evaluate widely used maize

crop models to (i) explore how maize crop models dif-

fer in simulations of yield, development, and water use

in response to climate change factors [temperature and

(CO2)] in four contrasting pedo-climatic sites of maize

production; (ii) provide a range of possible outcomes of

crop growth and yield under varying levels of temper-

ature and [CO2]; (iii) quantify important sources of

variation among crop model simulations such as

phenology, primary production or harvest index; (iv)

evaluate whether model response to climatic factors

differs depending on the extent of the information

available to calibrate the models for each region. The

latter is important, considering that crop models are

often used to simulate yields in regions where detailed

model input information and/or reference data are

seldom available.

This work is an initiative of the Agricultural Model

Intercomparison and Improvement Project (AgMIP;

Rosenzweig et al., 2013), which links the climate, crop,

and economic modeling communities to perform

integrated climate impact assessments and improve the

simulation of crop response to future climate change.

Similar AgMIP studies have been performed using 27

wheat models (Asseng et al., 2013) and 13 rice models.

AgMIP pilots are also being organized for sugarcane,

soybean, groundnut, potato, and sorghum/millet.

Materials and methods

Models

Twenty three maize models, accounting for the majority of

maize models, were intercompared in a maize study as part

of the Agricultural Model Intercomparison and Improve-

ment Project (AgMIP; Rosenzweig et al., 2013). Table 1 pre-

sents the major characteristics of the participating models,

including a reference for each of them and with details on

procedures used to simulate major processes (Palosuo et al.,

2011):

Phenology. Effects of life cycle drivers (temperature, photope-

riod), and/or stresses (e.g., McMaster & Wilhelm, 1997).

Growth. Radiation use efficiency (Monteith, 1977), transpira-

tion use efficiency (Tanner, 1981) or a leaf-level formulation of

photosynthesis and respiration (Farquhar et al., 1980; Von

Caemmerer, 2000). Most of the models simulate leaf area

dynamics dependent on crop phenological stage, following a

canopy-level (e.g., Jones & Kiniry, 1986) or a leaf-level (e.g.,

Lizaso et al., 2011) description.

Yield formation. Harvest index approach, dry matter alloca-

tion to the different organs, or grain number per unit of bio-

mass approach.

Water dynamics. Simplified ‘tipping bucket’ capacity

approach or a detailed Richards-type approach for infiltration

and redistribution of water in the soil. For evapotranspiration,

available methods varied and are indicated in Table 1. For

transpiration, limitations of soil and plant water potential or

soil water content are considered.

Nitrogen dynamics. Modules calculate soil and/or plant

nitrogen balance.

Simulations of each model were run by scientists already

experienced in the use of that particular model. Because most

models do not account for the effect of pests, and because the

impacts of climate on the biotic factors directly, were not con-

sidered here, this capability was disabled in all simulations.

Four models have no CO2 function (Sarra-H, Expert-ceres

maize, Wofost, and Pegasus). The same input data were pro-

vided to each modeler (soil, weather series, crop management,

see below for the details). All outputs were generated using

the same protocol, and submitted to an agreed upon group of

scientists that coordinated and centralized input and output

processing.

Data for model evaluation

Sites and weather. Four sentinel sites representing important

pedo-climatic zones of maize production were selected for

model intercomparison. The four sites were: Lusignan, France

(46.25°N; 00.07°E; 150 m elevation); Ames, Iowa, USA

(42.01°N; 93.45°W; 329 m elevation); Rio Verde, Brazil

(17.52°S; 51.43°W; 731 m elevation), and Morogoro, Tanzania

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2301–2320
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(06.50°S; 37.39°E; 500 m elevation). Basic characteristics of the

study sites are summarized in Table 2.

According to the FAO classification, the soils are Cambisol

in Lusignan, Gleysol in Ames, Geri-Gibbsic Ferralsol in Rio

Verde, and Haplic Arenosol in Morogoro. Daily solar radia-

tion, maximum and minimum air temperature (2 m), and

precipitation for the 1980–2010 historical baseline climates

were provided to crop modeling groups for all sites. Available

daily measurements of surface wind speed, air humidity (dew

point temperature, vapor pressure, and relative humidity at

the time of day of maximum temperatures) were provided.

Where these variables were not measured, they were esti-

mated from the NASA Modern Era Retrospective-Analysis for

Research and Applications (MERRA; Rienecker et al., 2011).

At Lusignan, France, the mean annual rainfall (1980–2010)

is 819 mm, of which 28% falls between May and August.

Ames, USA has a continental climate with temperature

extremes of both hot and cold, and long-term mean annual

precipitation (1980–2010) of 886 mm, 54% of which falls from

May through August. Rio Verde, Brazil is the wettest location

with a seasonal distribution of precipitation. The mean annual

rainfall (1980–2010) is 1645 mm, with the rainy season extend-

ing from October through April. Morogoro, Tanzania is the

warmest location with monthly mean maximum and mini-

mum temperatures varying between 35 and 14 °C and long-

term annual rainfall of 828 mm, with 90% falling from

November through May.

Management. A one-year experiment at each location formed

the basis of the comparison of observed and modeled data for

the four locations. The field experiments were carried out

from May to October in 1996 in Lusignan, from May to Sep-

tember in 2010 in Ames, from November to February in 2003–

2004 in Rio Verde, and from November to January in 2009–

2010 in Morogoro. Experiments were conducted according to

the local practices for each region (Table 3). Lusignan and

Morogoro were the two irrigated sites. Nitrogen fertilizer was

not applied in Rio Verde because sufficient N was released by

organic matter mineralization.

Crop measurements. Measured crop data for each site con-

sisted of phenology (emergence, flowering, and maturity

dates) and intensive in-season time-series information [soil

water content, leaf area index (LAI), crop biomass] as well as

end-of-season yield components. Details on the experiments

are reported for Lusignan, France (Tayot et al.,1999;

Brisson et al., 2002), Ames, USA (Bortolon L & Hatfield JL,

unpublished data), Rio Verde, Brazil (Maltas et al., 2007, 2009),

and Morogoro, Tanzania (Bobert J, Festo R, Kersebaum KC,

Kashaigili JJ, Tumbo S & Mahoo H, unpublished data).

Low level calibration simulation procedures. In regional

studies, many inputs required by crop models are often not

available. To examine the effect of the level of detail in the

input information upon the model response to climatic factors,

we provided two levels of calibration information, a low (L)

and a high (H) level. For level L, only soil, management

inputs, and crop phenology data were provided. Models were

run with standard soil initial conditions such as prior crop res-

idue type depending on the previous crop (legumes or cereals)

Table 2 Characteristics of the sentinel sites. Site, latitude and longitude (Lat, Long), mean seasonal precipitation (P) and mean sea-

sonal temperature (T) for the period 1980–2010, soil type (FAO classification), lower limit of soil water (LL), drained upper limit

(DUL), bulk density (BD), rooting depth (Root D)

Site Lat; Long Pa (mm) T (°C) Soil Type LL (% v/v)

DUL

(% v/v)

BD

(g cm�3)

Root

D (cm)

France 46.25°N; 00.07°E 378 17 Cambisol 15 32 1.13 120

Iowa 42.01°N; 93.45°W 476 21 Gleysols 14 34 1.38 200

Brazil 17.52°S; 51.43°W 980 25 Geri-Gibbsic Ferralsol 20 29 1.19 140

Tanzania 06.50°S; 37.39°E 258 27 Haplic Arenosol 35 51 1.22 130

aPrecipitation and temperature refer to the growing season of each sentinel site, i.e. to May–October, May–September, November–

February, November–January for the four locations, respectively.

Table 3 Sowing date, crop variety, plant density, total nitrogen (N) fertilization, total irrigation, prior crop residue type for the

four sentinel sites selected for the simulation experiments. Details on the experiments are reported for France as in (Tayot et al.,1999;

Brisson et al., 2002), USA (Bortolon L & Hatfield JL, unpublished data), Brazil (Maltas et al., 2007, 2009), and Tanzania (Bobert J,

Festo R, Kersebaum KC, Kashaigili JJ, Tumbo S & Mahoo H, unpublished data)

Site Sowing date Hybrid

Plant density

(plant m�2)

Total N fertilizer

(kg N ha�1)

Irrigation

(mm) Residue type

France April 26 Furio 9.5 255 377 Maize

Iowa May 4 Golden Harvest GH-9014 7.5 167 0 Soybean

Brazil October 22 Pioneer 30K75 6.6 0 0 Fallow

Tanzania October 26 TMV 1 9.5 61 178 Cassava/fallow
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and using the soil organic carbon of the prevailing soil type of

the region. The initial soil water content was set at field capac-

ity (Lusignan, Ames) or wilting point (Rio Verde, Morogoro,)

according to the general rainfall pattern of each location. Crop

field management (sowing date and depth, plant density,

nitrogen fertilization dates and amounts, irrigation schedule

when applied), per-layer soil characteristics (wilting point,

field capacity, saturation, bulk density, pH, and organic car-

bon and nitrogen), and local maximum observed rooting

depth were also provided. Thus, simulations at level L were

run at each site [for a single year (calibration) and for a 30-

year-baseline and sensitivity tests (as described below)] using

only the above described input information, with no parame-

ter adjustment other than setting the time to anthesis and time

to maturity observed in each region.

High level calibration simulation procedures. After the L

level input simulations were completed, additional crop and

soil information (H level) was supplied to each modeling

group. The complete information provided included the

actual soil initial conditions (water, nitrate, ammonium), and

time series of above-ground biomass, LAI, soil water and

nitrogen contents, and plant nitrogen. Soil and plant N infor-

mation were not available for the Tanzania site. It was

requested that each modeling group adjust model parameters

(especially those depending on the cultivar) to improve the

simulations based on the observed data, using whatever tech-

niques they normally use and documenting the changes. For

that purpose, each modeler was requested to send a report on

changes made in the values of parameters and what logic was

followed. Twenty-one groups completed the full assessment

of that step. For the L simulation, modelers adjusted cultivar

parameters of their previously simulated hybrids, to match

the provided phenology. In the H simulation phase, finer

adjustment of phenology and plant traits such as final leaf

length, leaf number, specific leaf area (SLA) were made, if

applicable. Modelers never changed parameters linked to pho-

tosynthesis or RUE, or any other temperature-sensitive rela-

tionships. Soil parameters (relationships of soil water potential

and conductivity to soil water content) were also adjusted to

match the initial conditions. Some simpler models designed

for larger scales had less flexibility and were largely unaltered,

except for phenology. The given cultivar was different at each

site, so the cultivar parameter sets differed by site. Conse-

quently, the adjustments for the H phase were larger because

the models had never been used before at those sites. After

parameters were adjusted, the models were run with the

specific single year experiment at each site.

Climatic sensitivity analyses using modified 30-year
climate series

To study simulated responses to climate change factors tem-

perature and [CO2], models with parameters adjusted using H

input level information were run for a 30-year-baseline and

several modified 30-year weather files for the four locations.

The baseline weather series were modified by changing

daily maximum and minimum temperatures (�3, 0, +3, +6

and +9 °C). Modeled responses were also compared under

different levels of [CO2] (360, 450, 540, 630 and

720 lmol mol�1). The temperature and [CO2] modifications

were considered both in single factor series and in several

combinations for the High input calibration simulations. As

summarized in Table 4, simulations for the Low input case

were limited to only the single factor variation in temperature

and [CO2], with the goal of understanding how calibration

influenced model sensitivity to temperature and [CO2]. Simu-

lated model response to [CO2] is presented only for the 15

models describing explicitly [CO2] effects, out of the models

that concluded the High inputs simulations.

Simulation protocol

Simulation experiments were carried out for the 1980–2009

time series (30 planting seasons) for the baseline and the vari-

ous modified 30-year weather data sets for the four locations.

For each year, initial soil conditions were reset to those used

for level L or for level H. The LPJmL model was run continu-

ously with a 100-year spin up just to set the initial organic

matter compartments of soils at each site. After this goal was

achieved, it was run as the other models. Resetting the soil ini-

tial conditions eliminated any carry-over of water, nitrogen,

or a change in soil organic matter. For the irrigated locations

(Lusignan, France, and Morogoro, Tanzania), automatic irriga-

tion was triggered when the soil water content within the top

50 cm depth dropped under 60% of the plant available water.

Analysis of model responses to temperature and [CO2]

Comparative effects of single weather variables and interac-

tions on model results (H information level averages over

30-year initial or modified baseline simulated yield, biomass

Table 4 Levels of CO2 and temperature factors simulated for

each location for the low and high input information simula-

tions. Temperature factor levels applied to maximum and

minimum daily temperatures of the 30-year-baseline weather

data

Low level input High level input

360 ppm �3 °C 360 ppm �3 °C
360 ppm 0 °C 360 ppm 0 °C
360 ppm +3 °C 360 ppm +3 °C
360 ppm +6 °C 360 ppm +6 °C
360 ppm +9 °C 360 ppm +9 °C
450 ppm 0 °C 450 ppm 0 °C
540 ppm 0 °C 540 ppm 0 °C
630 ppm 0 °C 630 ppm 0 °C
720 ppm 0 °C 720 ppm 0 °C

540 ppm +3 °C
540 ppm +6 °C
540 ppm +9 °C
720 ppm +3 °C
720 ppm +6 °C
720 ppm +9 °C
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and transpiration) were evaluated with Analysis of Variance

for each site. For that analysis, three levels of [CO2], four tem-

perature variations above the baseline, and models were con-

sidered fixed effects with 2, 3, and 18 degrees of freedoms,

respectively. All interactions were tested. Climate factors and

model effects were highly significant at all sites. So were

interactions between temperature and CO2 except in Lusignan

(P < 0.08). Graphical analyses were also used for model inter-

comparison by plotting medians and variability distributions

(box-plots) of simulated outputs and used to estimate the

responses of yield to T and CO2.

Results

Importance of using calibrated results for studying the
impact of climate change factors on maize yields

The results of ensemble simulations of yields at the four

selected sites of this work were compared when mini-

mal information (L) vs. high information (H, full initial

conditions and experimental results) were provided to

calibrate the models. Figure 1 illustrates the simulated

yields of the one year experiments at each site with the

L and H calibration information, representing before

and after adjusting model parameters on the basis of

observed crop and soil data. The ensemble of models

simulated site-specific yield better than any given indi-

vidual model, both at L and H levels. For each site, sim-

ulated yield with L calibration information averaged

over the 23 models matched the observed data well

within the experimental error, but with high variability

among crop models. Hence, when the level of input

information increased (High information calibration,

Fig. 1b), only the variability among models was

strongly reduced.

To further investigate the value of using a minimum

number of models to assess the yield with low informa-

tion, a simulation of ensemble modeling using n mod-

els was made (Fig. 2). Groups of n different models

were randomly created among the total combination of

non repeated groups of n models. Care was taken to

form groups from different models only and that each

group of n was not repeated. Starting with groups of

two models until groups of 21 models, 210 groups

were chosen randomly among all possibilities (21!/
(21 � n)!/n! all together) for each set of n models. In

sites where fewer than 21 modelers achieved all simula-

tions, the maximum number of models per set tested

was 19. Then the absolute value of the difference

between the experimental yield and the average yield

of each ensemble of n models simulations was com-

puted. Finally, the mean and standard deviation of

these 210 differences was computed and related to the

experimental yield to provide an estimate of relative

variation. At each site, the relative variation declined as

a function of n (Fig 2) and so did the standard devia-

tion of the 210 absolute differences (data not shown).

The relative variation depended on the site. Morogoro

exhibited the largest variation followed by Rio Verde,

Lusignan, and Ames.

Temperature responses

Yield. At all four sites, the median of simulated

maize grain yield highly significantly decreased with

Low level information
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Fig. 1 Observed and simulated one year maize grain yield (Mg ha�1) for four locations using 17 maize simulation models and two lev-

els of input information: (a) Low level (anthesis and maturity dates, soil data with generic initial conditions, management); (b) High

level (in addition to low level, observed soil initial conditions, time course of leaf area, biomass, yield, soil water content, soil, and crop

N). Locations were: Lusignan, France (FR), Ames, Iowa, USA (US), Rio Verde, Brazil (BR), and Morogoro, Tanzania (TZ). Open squares

are mean observed grain yields plus or minus one standard deviation. Filled triangles are the mean of simulated yields for each loca-

tion. Boxes are delimiting the 25 and 75 percentile with the median inside. Whiskers are 10 and 90 percentile. Hollow circles indicate

outliers.
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temperature increase above current temperature levels

(Fig. 3). The decrease in yield with an increase in tem-

perature from 0 to +9 °C across 19 crop models was

approximately linear and the median of models

decreased from 9.8 to 6.3 Mg ha�1 at Lusignan (France),

from 9.4 to 4.3 Mg ha�1 at Ames (USA), from 7.5 to 2.4

Mg ha�1at Rio Verde (Brazil), and from 5.2 to 1.8

Mg ha�1 at Morogoro (Tanzania). This corresponded to

a relative yield change of �4.5, �6.0, �7.8 and �7.1%

per °C at the four sites, respectively. With only few

exceptions, the 19 maize models with High inputs sim-

ulations generally agreed on a decline in yield with

warmer weather. The models varied in magnitude of

yield reduction with temperature increase, with 50% of

models having sensitivity between �3.5% and �5.2%

per °C in Lusignan, �4.8% and �6.6% per °C in Ames,

�6.4% and �8.3% per °C in Rio Verde, and �3.4% and

�9.8% per °C in Morogoro. The other models outside

of this 50% had a lower or higher response ranging

from no response up to double response with respect to
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the median relative yield change. The variation among

absolute yield simulations as shown by the box-and-

whisker plot was scarcely different as temperature

increased.

However, at the cooler sites (Lusignan and Ames,

the high-latitude sites), a lower temperature (�3 °C
below baseline) resulted in lower simulated grain

yield, probably because simulated biomass produc-

tion rates decreased in the models, and crop maturity

was prolonged and abruptly ended in the fall. At the

warmer locations (the low-latitude sites), the 3 °C
cooler temperature increased simulated yields (by

6.0% and 1.2% per °C in Rio Verde and Morogoro,

respectively), suggesting that these sites are already

warmer than the optimal growing climate (See Fig-

ures S1 and S2 in supplemental material for individ-

ual crop models response as a function of the 30-year

seasonal temperature). The variability in responses

among models increased with the �3 °C temperature

scenario, especially at cool locations (Figure S2 in

supplemental).

Phenology: the growth cycle shortens as temperature

increases. The time from sowing to anthesis and time to

maturity defines the opportunity of the crop to capture

radiation and other resources, and was evaluated here

as potential contributor to the yield response (Fig. 4).

The time to anthesis was reduced as the temperature

increased at all locations, with larger reductions in the

cooler sites (Table 2). As temperatures were increased

by 0 to +3 °C, the time to anthesis decreased on average

of �5.5, �3.1, �2.4, and �1.5 days per °C for Lusignan,

Ames, Rio Verde, and Morogoro, respectively. The

impact of further temperature increase gave a higher

response in the cooler sites. The variability in simulated

responses among crop models was relatively small (See

Figure S3 in supplemental materials for individual crop

model responses to temperature), because phenology in

these models is mostly driven by temperature using a

mostly common growing degree day approach. Vari-

ability was usually larger at either high or low tempera-

ture scenarios. Time to crop maturity (Fig. 4) was also

reduced with rising temperature at all sites, and that

reduction was less pronounced at the warmer sites. The

variability between crop models was larger for maturity

date than for anthesis (Figure S4). The increased vari-

ability at the cooler sites (Lusignan and Ames) was

related to the occurrence of cold temperatures at the end

of the season. For Lusignan, France, in four models the

crop failed to reach maturity across all the 30-year simu-

lations when temperature decreased by �3 °C. In sev-

eral models, the simulated crop extended its life cycle at

the highest temperature in Morogoro, Tanzania, with

crop failure to reach anthesis and maturity in one case.

[CO2] responses

Yield. The increase in [CO2] resulted in a highly signifi-

cant simulated increase in maize yield at all sites

(Fig. 5). When [CO2] was doubled, the increase in the

median yield of the 15 models was 6.4%, 12.4%, 7.8%,
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Fig. 4 Temperature effect on 30-year phenology simulated by

18 models at Lusignan (France), Ames (USA), Rio Verde

(Brazil), and Morogoro (Tanzania). Phenology was expressed in

days to anthesis (a, c, e, g), and days to maturity (b, d, f, h). Four

models of 18 could not simulate maturity date in Lusignan,

France with a decrease in temperature of �3 °C. One model

could not simulate flowering and maturity dates in Brazil and

Tanzania with an increase in temperature of +9 °C. Box-plot

description is similar to Fig. 1 except for the absence of mea-

sured and mean values. Mean baseline temperatures during the

growing cycle were 17, 21, 25, and 27 °C in Lusignan, Ames,

Rio Verde, and Morogoro, respectively.
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and 3.3% in Lusignan, Ames, Rio Verde, and Morogoro,

respectively. Models varied considerably in their

response to [CO2], with the 50-percentile ranging from

no response to 19% increase at doubled [CO2] (See

responses of individual models in supplemental mate-

rials, Figure S5). Considering the response of the med-

ian of all 15 models, the simulated yield increase from

360 to 720 lmol mol�1 was approximately continuous

and close to 0.02% and 0.01% per lmol mol�1 in Lusi-

gnan and Morogoro. The variation among models was

larger as the [CO2] level increased from current concen-

trations to 720 lmol mol�1.

Crop transpiration. Seasonal crop transpiration was

highly significantly reduced with increasing [CO2] with

models varying considerably in the simulated total

transpiration and in their response to [CO2] (Fig. 6 and

Figure S6 in supplemental material.) On average, the

models showed a steady decrease in transpiration with

slopes of �0.015%, �0.009%, �0.008%, and �0.011%

per lmol mol�1 in Lusignan, Ames, Rio Verde, and

Morogoro. The variation among models was larger the

larger the increase in [CO2].

Interannual variability in yields

Interannual variability was computed for each model at

each location and expressed as CV (fraction) over the

30-simulated years. When the average of these CVs

across the 19 models for each location were considered,

the irrigated locations showed the lowest average val-

ues of 0.10, whereas Ames and Rio Verde had CVs near

0.20. Upon increasing the temperature by 6°, the simu-

lated interannual variability was similar to the baseline

for most models in general (Fig. 7). Some models, and

at the warmest sites, simulated an increase in the inter-

annual variability with increasing T. Similar observa-

tions were made for a + 3 °C increase (data not shown).

Low and high calibration levels – no effect on ensemble
response to temperature and CO2

The modeled ensemble of grain yield response to

increased temperature was similar irrespective of the

level of information provided for calibration (Fig. 8).

The percentage yield decline from 0 °C to +9 °C was

�40%, �46%, �62%, and �68% at level L and �36%,
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Fig. 5 Response of grain yield (%) to [CO2] for a 30-year time-series simulated by 15 models at Lusignan, France (a), Ames, USA (b),

Rio Verde, Brazil (c), Morogoro, Tanzania (d). Box-plot description is similar to Fig. 1 except for the absence of measured and mean

values.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2301–2320

2314 S . BASSU et al.



�54%, �71%, and �65% at level H, respectively for

Lusignan, Ames, Rio Verde, and Morogoro. At each

location, the slope of the temperature response did not

vary between the L and H information. Neither did the

slope vary with location. Finally, the model response to

[CO2] was also not dependent on the level of calibration

information (data not shown).

Discussion

By comparing results from a large number of models in

four contrasting environments, our work expands the

previous efforts (e.g., Eitzinger et al. (2013) that only

evaluated a 2-week period of drought or elevated tem-

perature after anthesis on maize yield). Our simulations

hence explore and define more completely maize crop

responses to two major climate change factors (temper-

ature and CO2) with up to 23 maize simulation models.

The effect of rising temperatures on maize yield was

strongly negative. The common trend of models

simulations to accelerate phenology, especially anthesis

in response to temperature, largely explained the main

trends for reduction in the other variables studied

(biomass, yield and water use). These simulations were

conducted without attempting adaptive measures to

ameliorate the impact of higher temperatures, such as

changes in planting dates or maize cultivar life cycle

duration. Thus, these simulations provide an estimate

of the upper boundary of the expected average

decrease in maize yield at these locations and under

well-watered conditions.

Increased temperature shortened the length of the

growing cycle, decreasing opportunity to capture more

radiation and reducing total CO2 assimilation, and

reducing total biomass and grain yield as suggested by

previous studies (Long, 1991; Guere~na et al., 2001; Tao

& Zhang, 2011). Therefore, shorter life cycle of current

cultivars was a major contributor to reduced grain

yield, diminishing leaf area duration and hence, bio-

mass accumulation. Biomass production (data not

shown) was affected very similarly to grain yield. On

the contrary, the grain harvest index (data not shown)

was unaffected by temperature elevation in the 0–6 °C
temperature range, except for some reductions at the

high (+6 °C or above at Morogoro) or the low tempera-

ture extremes (�3 °C in Lusignan and Ames). Raising
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temperature from �3 to 0 °C indeed caused an

increase in yield in the latter cooler locations, due to

additional time for grain filling. The growing cycle

was not accelerated as much in tropical sites where

the average temperature during the growing season

was closer to the optimum temperature for maize

(Tollenaar et al., 1979). Hybrids with longer cycle

(slower developmental rate) may show a lesser reduc-

tion in yield as compared with the baseline, and

clearly such options for adaptation require systematic

evaluation. Also, testing with such an adapted cultivar

would answer the question as to what fraction of the

yield variation was contributed by life cycle length

compared to other direct effects of temperature on

assimilation and grain-set (Tao & Zhang, 2010). The

relationship between the simulated yield and the aver-

age temperature of the growing season suggests that

the optimum seasonal temperature is between 22 and

24 °C (across all models), and that grain yield fails

(approaches zero) at temperatures near 40 °C (See

responses of individual models plotted as a function of

the 30-year seasonal temperature in Figure S1 of sup-

plemental materials). Thus, matching the growth cycle

to have maximum exposure to the optimum tempera-

ture range while escaping temperatures above 35 °C
can be a first initial guide for seeking adaptation to

each location.

The variability in simulated yields among the differ-

ent models at baseline ranged from 4 to 8 Mg ha�1.

This range in variation among models in our results

increased at higher temperatures across all sites. The

increase in simulated yield variability at higher temper-

atures was due to the higher uncertainty in the matu-

rity date and primary productivity among different

models when temperatures increased. Approximately,

half of the models simulated LAI using biomass and a

specific leaf area while the other half based LAI growth

on a morphological leaf-number appearance module

depending only on T and stress functions (Table 1). But

this did not appear to change the sensitivity to high

temperatures, nor did the type of function (vegetative

or reproductive) exposed to heat stress.

In C4 species such as maize, the reduction in stoma-

tal conductance with increasing [CO2] brings about an

increase in the efficiency of water use with mainte-

nance of CO2 assimilation (Polley, 2002; Long et al.,

2006; Tao & Zhang, 2011). In the present study, simu-

lated grain yield responded positively to elevated
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[CO2] across the 15 models that account for CO2

effects on growth and transpiration, with variations

among models. The simulated reduction in crop tran-

spiration was however greater in absolute magnitude

than the increase in grain yield. This was expected as

photosynthesis of C4 plants is not expected to increase

as much as in C3 species under high [CO2] levels

(Kimball et al., 2002).

The simulated median percent reduction (8%) in

transpiration was less than the 18% reduction reported

for maize transpiration with [CO2] increase from 360 to

720 lmol mol�1 under well-watered conditions in sun-

lit controlled environment chambers by Allen et al.

(2011) and Chun et al. (2011). With the exception of a

few models, this difference suggests that the studied

crop model algorithms for CO2 effect on transpiration

may be reducing transpiration insufficiently for C4

species (Boote et al., 2010). A comparison to transpira-

tion of C4 sorghum in the Arizona FACE experiments

indicates CO2 effects close to Allen et al. (2011) and

Chun et al. (2011), as a 13% reduction in evapotranspi-

ration was observed with only 200 lmol mol�1 increase

in [CO2] (Wall et al., 2001; Triggs et al., 2004). Finally,

Manderscheid et al. (2014) found that in a FACE maize

experiment with a similar [CO2] of 550 ppm, crop tran-

spiration was reduced by approximately 0% and 9% in

the first and second year, respectively.

The median simulated yield increase with doubled

[CO2] was 7.5% across models and four locations, cov-

ering a range from 0% yield increase to 19% increase.

Indeed, it is noteworthy that this 19% increase was

obtained using the Nexpert Spass model, in which

photosynthesis was barely different from that of C3

photosynthesis. Furthermore, four models, which

explicitly had no response functions to CO2 (N expert-

Ceres maize, Sarah, Pegasus and Wofost) were not

included in this part of the study, although this absence

could be seen as a crop physiological statement of no

response. Hence, based on a more inclusive crop physi-

ological selection of models, the ensemble response

would have even been lower. This compares to

reported maize yield responses to CO2 as low as zero in
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Fig. 8 Simulated effect of temperature increase on median 30-year grain yields (Mg ha�1) obtained with an ensemble of 19 models ini-
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Intercepts and slopes of regression lines were not significantly different.
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free-air CO2 enrichment (FACE) experiments with

550 lmol mol�1 increase (Long et al., 2006; Mandersc-

heid et al., 2014), up to higher values obtained with

studies in controlled-environments (27% yield increase

at 550 lmol mol�1) (Tubiello et al., 2000; Long et al.,

2006). The parameterization of maize models mostly

derives from earlier chamber studies that reported a

higher C4 response to CO2 (Tubiello et al., 2000; Kim-

ball et al., 2002). Uncertainty of C4 maize response in

the literature and resulting uncertainty of C4 parame-

terization may account for the high intermodel variabil-

ity in simulated CO2 response. These results indicate a

need for further studies of the CO2 effects on canopy

photosynthesis and transpiration of C4 species such as

maize. Long et al. (2005) proposed that prior experi-

ments are too few and not sufficiently conclusive, and

that we need more than theory (Long et al., 2006) sug-

gesting that there are no direct CO2 effects on C4 photo-

synthesis or radiation use.

Interannual variability slightly increased at higher

temperatures and it was generally smaller than the in-

termodel variability. The increase in interannual vari-

ability with temperature was especially pronounced in

the warmest sites (Fig. 7). Notwithstanding errors

arising from extrapolating the simulations outside the

conditions where parameters were identified, the inter-

annual variability is likely to increase as temperature

rises. Furthermore, the deleterious impacts of extreme

temperatures are still poorly taken into account in most

models, especially those where growing degree days

are computed using simple temperature response

functions (e.g., linear) (Eitzinger et al., 2013), so that the

increase in variability detected here might be under-

evaluated.

The yield responses (slopes) of the ensemble of mod-

els to temperature and [CO2] were similar whether the

models had been calibrated to sites (high input) or not

calibrated to sites (low information input), an aspect

that has not been previously explored. The reason for

this is that site-specific calibration (heat units to

anthesis and maturity, etc.) are separate, mostly culti-

var traits. Model relationships such as the cardinal tem-

peratures for phenology, temperature relationships for

photosynthesis and seed-growth, and CO2 response

relationships in the code of the models are separate and

were unmodified during site-specific calibration.

Moreover, ensemble yields from the multimodels

were in good agreement with the trends observed

across the four locations when the L level calibration

information was used to run the models (Fig. 1), in

agreement with the results reported for other cereals

(Palosuo et al., 2011; R€otter et al., 2012; Asseng et al.,

2013). Our results indicate that with L calibration infor-

mation, a single model may fail to accurately simulate

absolute yield but that an ensemble of models is more

likely to approach the correct absolute yield. In all

cases, the coefficient of variation exhibited a plateau

when n was higher than a given value, that also

depended on the site. Fig. 2 suggests that ensembles of

8-10 models would reduce variability substantially. As-

seng et al. (2013) cited Taylor et al. (1999) as an indica-

tion that a 13.5% coefficient variation for yield is a fair

estimate of variation for field trials over a large regional

scale. The number of models needed to reach yield pre-

dictions within 13.5% coefficient variation (Fig 2) was 3

at the sites of Lusignan and Ames, 7 in Rio Verde and

13 in Morogoro. It is not surprising that the results

obtained in regions where the models had been devel-

oped and used, were better simulated than the sites not

as well investigated. The better performance of ensem-

ble modeling compared to any single model is remark-

able. Some individual models may variously cover or

fail to address or incorrectly address certain field-

important aspects, but others do. Examples would

include: direct heat-stress effects on grain-set, stress-

fully high temperatures on photosynthesis, stressful

temperatures on grain-growth rate, and life cycle under

elevated temperature (most models accelerate too

much). By putting the models together, some of the bet-

ter features of individual models may act to offset the

failures of correct inclusion of a process in other mod-

els. Similarly, variation among individual models in

structure (equations) and parameter values also con-

tribute to the observed variations. Hence, the better pre-

cision of the ensemble may result from a statistical

sampling of possible models (and aggregation over

multiple samples) just as more replicates play a role in

better experimental assessment of a local variable

(yield, rainfall, etc.). Taking more samples of possible

maize models improves the average response over tak-

ing a single model, since we don’t know which maize

model is correct at a given site. An aggregated yield

average over many samples (of models) is better than a

value coming from one sample.

Our study does not in any way attempt to compute a

projection of maize yields under future climate change.

However, given the noticeable agreement between sim-

ulations, these responses to rising temperatures indi-

cate that the rising temperature aspect of climate

change could be a significant challenge for local food

production if adaptive management cannot reduce the

predicted yield losses of 4–7% per degree of local

warming, with some regions potentially experiencing

even more dramatic declines if no adjustment can be

made. Even a conservative target of 2 °C global mean

warming would imply a reduction of 8–14% in global

maize production with only a modest beneficial effect

of enhanced [CO2] on the C4 crop. Will the increase in

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2301–2320
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CO2 actually have such a limited positive impact as

simulated in this study? Above all, effective mitigation

of climate change is thus important to maintain agricul-

tural production, especially in places where water is

expected to be even less available in the future. How-

ever, given the range of durations of growing cycles

(flowering and maturity) in the already available culti-

vars, adaptation also could be useful for sustaining

maize production in impacted regions. Crop models

need to be applied also to explore suitable measures of

adaptation, such as slower maturing cultivars, heat tol-

erant cultivars, as well as drought tolerant cultivars.

Furthermore, unknown areas of high-latitude regions

currently unable to produce maize crops due to low

temperatures may become productive.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. The simulated 30-year mean grain yield
(Mg ha�1) of the individual models as a function of the 30-
year seasonal temperature of the simulated growing seasons
at Lusignan, France (circle, mean baseline temperature
17 °C) (a), Ames, USA (triangle, mean baseline temperature
21 °C) (b), Rio Verde, Brazil (diamond, mean baseline tem-
perature 25 °C) (c), Morogoro, Tanzania (square, mean base-
line temperature 27 °C) (d).
Figure S2. The simulated 30-year grain yield (Mg ha�1)
response of individual models to temperature increase at
Lusignan, France (a), Ames, USA (b), Rio Verde, Brazil (c),
Morogoro, Tanzania (d). Mean baseline temperatures during
the growing cycle were 17, 21, 25 and 27 °C in Lusignan,
Ames, Rio Verde and Morogoro, respectively.
Figure S3. Temperature effect on 30-year phenology (days
after sowing to reach anthesis, DAS) simulated by the indi-
vidual models at Lusignan (France), Ames (USA), Rio Verde
(Brazil), and Morogoro (Tanzania). Mean baseline tempera-
tures during the growing cycle were 17, 21, 25 and 27 °C in
Lusignan, Ames, Rio Verde and Morogoro, respectively.
When a model could not simulate maturity at high or low
temperature, the line is interrupted (MC, in Rio Verde and
Morogoro).
Figure S4. Temperature effect on 30-year phenology (days
after sowing to reach maturity, DAS) simulated by the indi-
vidual models at Lusignan (France), Ames (USA), Rio Verde
(Brazil), and Morogoro (Tanzania). Mean baseline tempera-
tures during the growing cycle were 17, 21, 25 and 27 °C in
Lusignan, Ames, Rio Verde and Morogoro, respectively.
Figure S5. CO2 effect on 30-year percentage response in
grain yield (%) simulated by the individual models at Lusi-
gnan, France (a), Ames, USA (b), Rio Verde, Brazil (c),
Morogoro, Tanzania (d).
Figure S6. Individual model simulations of the response of
crop transpiration (% average of 30 years baseline) to [CO2]
(lmol mol�1) in the four sites studied.
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